A highly sensitive RT-PCR protocol able to detect potato virus Y (PVY) in pooled sample units (tubers) was developed. PVY-specific primers selected in the coat protein gene were found to amplify a 359 bp fragment from diluted crude extract of infected tubers. For the detection of the amplification products, a colorimetric detection procedure in microtiter plates was established. The amplicons are hybridized between a covalently linked capture probe and a specific biotinylated detection probe ELOSA tests. This detection method detects at least 50 pg of virus per reaction for the four cultivars tested. The RT-PCR-ELOSA assay was adapted to pooled units in order to increase the sample size while reducing the number of tests.
Introduction
Potato virus Y (PVY), the type member of the genus Poty6irus in the family Poty6iridae is a widespread virus leading to severe damage in Solanaceae, including potato, tomato, pepper and tobacco (De Bokx and Huttinga, 1981) , with losses ranging from 15 to 70% of tuber yield (Van der Zaag, 1987) . This virus is transmitted by aphids in the non-persistent manner. The different strains infecting naturally potato have been classified into three different groups according to symptoms on selected potato and tobacco cultivars: the PVY N group (tobacco veinal necrosis strains), the PVY O group (common or ordinary strains), and the PVY C group (stipple-streak strains) (De Bokx and Huttinga, 1981) . Encapsidated into long flexuous rods of 730 nm in length, the virus is made up of a single strand positive sense RNA approximately 10 kb long which encodes a polyprotein later processed to generate functional viral proteins (Robaglia et al., 1989) .
In addition to visual inspections undertaken in the field, the detection of PVY in the frame of certification programs usually rests on the use of serological tests, and notably on an enzyme-linked immunosorbent assay (ELISA) (Vetten et al., 1983; Deltour et al., 1987) . These tests are carried out on a batch of individual samples (tubers or leaves) collected from the field in order to give an accurate estimation of the field plot infection level. This estimation, compared to a predetermined tolerance level, will lead to the acceptance or rejection of the field plot in the frame of the seed potato certification process. Geng et al. (1983) have demonstrated using cumulative probability curves for the Poisson distribution that the confidence in the evaluation of a seed lot infection level increases with the number of sample units collected in the field and submitted to the analysis. On the other hand, both the cost of the certification protocol as well as 'physical constraints' linked to the laboratory equipment act as limitations upon an increase of the number of tests undertaken currently. Although ELISA has been adopted for routine testing, it is not sufficiently sensitive to be applied to dormant tubers due to the low virus concentration after harvesting (De Bokx and Cuperus, 1987) . More sensitive techniques thus represent a possible alternative. In this respect, RT-PCR tests combining a cDNA synthesis and a PCR amplification have been described for the detection of potato viruses like PVY O , PVY NTN (Weidemann and Maiss, 1996) , PLRV (Schoen et al., 1996; Singh et al., 1995) or PVA (Cerovska et al., 1998; .
While the ELISA can be carried on diluted crude sap and leads to a colorimetric detection of the antigen:antibody complex, the RT-PCR tests developed so far for the detection of PVY are not adapted to routine testing. Indeed, potato tuber extracts contain polyphenolics or polysaccharides which are known to inhibit enzyme activity in (RT)-PCR (Staub et al., 1995; Singh, 1998) . Different protocols have been tested in order to eliminate these inhibitors . For all of these protocols, the sample preparation step prior to the RT-PCR usually rests on nucleic acids extraction methods which are too expensive and time-consuming for high throughput analyses.
A RT-PCR for the detection of PVY in potato tubers is described. In this test, crude saps from dormant tubers are used directly in the RT-PCR reaction. Moreover, an ELOSA (enzyme-linkedoligosorbent-assay) test (Lambdatech-Namur, Belgium) already described for the detection of HIV-1 amplicons (Zammatteo et al., 1995) has been optimized for the detection of PVY amplification products. In that system, the amplicons are detected in microtiter plates after sandwich hybridization between a capture probe linked covalently to the well and a specific biotinylated detection probe. The RT-PCR ELOSA test developed can be partly automated and is sufficiently sensitive to be applied to pooled units.
Materials and methods

Virus source and plant material
The different virus isolates used in this study are described in Table 1 . They were inoculated on host plants according to protocols described previously (Le Romancer et al., 1994) . For each virus isolate, the inoculation efficiency was tested by assessing the reactivity of inoculated plants against potato viruses polyclonal antibodies (Pabs against PVA, PVX, PVS, and PVY) provided by Loewe Biochemica GmbH using the DAS-ELISA technique (Clark and Adams, 1977) 2 weeks after the inoculation.
For the optimization of the sample preparation step, crude saps from PVY-naturally infected tuber (cv Nicola and Bintje) were diluted in DEPCtreated water and 1 ml of each dilution was used for the RT-PCR.
In order to determine the detection limit of the RT-PCR-ELOSA test, virus-free dormant tubers (cv. Nicola, Charlotte, Bintje and Climax) were ground in plastic bags (Extraction bag, Bioreba). The crude extracts, put on ice, were then diluted 100 times in DEPC-treated water. The diluted saps were infected artificially by adding known amounts of partially purified virus (PVY NTN-Gx , Table 1 ). The RT-PCR-ELOSA tests were carried out with 1 ml of the diluted infected sap.
For the analysis of pooled sample units, virusfree plantlets (cv. Nicola and Charlotte) were cultivated in a regulated insect-proof greenhouse with an ambient temperature range of 20 -22°C and a photoperiod of 16 h. Three weeks after planting, some of the plantlets were inoculated mechanically with a PVY NTN isolate (PVY NTN-Gx , Table 1 ). About 2 months (for the cv. Charlotte) and 3 months (for the cv. Nicola) after the inoculation, new tubers were harvested from both infected and healthy plants. They were ground in plastic bags and their saps were mixed in different proportions. One volume of infected sap was mixed with N − 1 volumes of healthy one (N ranging from 10 to 200). The different mixtures were then diluted either 100 times in DEPCtreated water using 1 ml of the resulting diluted extract for the RT-PCR-ELOSA test or 20 times in the extraction buffer proposed for the use of the polyclonal serum from Loewe Biochemica GmbH using 200 ml for the DAS-ELISA.
Total RNA extraction
Total RNA was extracted from infected plants using the Tripure Isolation Reagent from Roche Diagnostic, after grinding the tissues (leaves or tubers) in liquid nitrogen. The RNA concentration was calculated by measuring the absorbance at 260 nm.
Partial purification of PVY particles
Tobacco leaves infected with PVY NTN (PVY NTN-Gx , Table 1) were harvested (about 100 g) and a partial purification was carried out according to the method of Hammond and Lawson (1988) with some modifications. After the first ultracentrifugation step on a 30% sucrose cushion (87 000× g during 2 h in a Sorvall fixed angle rotor A-641), the pellet containing partially purified virus particles was resuspended in 8 ml BK buffer (0.1 M boric acid, 0.1 M KCl adjusted to pH 8.0 with sodium hydroxide) and centrifuged in Corex tubes for 10 min at 2000× g (Sorvall, fixed angle rotor SS34). The supernatant was submitted to a second ultracentrifugation step on a 30% sucrose cushion (146 550× g during 1 h in a Sorvall fixed angle rotor T-1270). The pellet was resuspended in 0.5X BK buffer and stored at − 70°C. The virus concentration was estimated on the basis:
0.1%, 1 cm = 2.9 (Huttinga and Maat, 1987) . 
Sapex use
For tubers, the use of a tuber sap extractor (Sapex device, Bioreba) (Gugerli, 1979) has been optimized. Two samples of 20 ml were taken at the level of buds, automatically diluted with 180 ml DEPC-treated water and mixed together on ice. The resulting extract (400 ml) was diluted 10-fold in DEPC-treated water prior to the RT-PCR reaction using 1 ml of the final diluted sap. The borer and the capillary tube were rinsed successively in distilled water, 0.2 N sodium hydroxide and again distilled water between each sample in order to avoid any false positive results.
RT-PCR amplification
RT-PCR amplifications were carried out either on total RNA or on diluted crude sap from tobacco leaves or potato tubers using the TITAN TM One Tube RT-PCR System from Roche Diagnostic. The forward primer 5%-ACGTCCAAAATGAGAATGCC-3% named PVYF, located in the coat protein gene position 8717 -8736 according to the accession number U09509, was described previously . A reverse primer 5%-TACGCTTCTGCAA-CATCTGAG-3% named PVYR4, located downstream at position 9055 -9075, was selected by computer analysis with the PILEUP, FASTA and PRIME programs (Wisconsin Package Version 10.0, Genetics Computer Group (GCG), Madison, WI) in the EMBL and Genbank databases in order to meet the technical requirements of both the PCR amplification and the sandwich hybridization in microtiter plates (for the colorimetric detection of the amplicons). A 25 ml RT-PCR reaction mixture containing 0.2 mM of each dNTPs, 0.4 mM of both primers and the reagents from the TITAN TM One Tube RT-PCR System from Roche Diagnostic (enzymes, DTT and buffer) was submitted to a cDNA synthesis (30 min, 55°C) and to a PCR amplification with a denaturation of 3 min at 94°C; 40 cycles at 94°C, 30 s; 58°C, 1 min; 72°C, 1 min; and a final extension of 10 min at 72°C.
Post-RT-PCR detection
The PCR products (359 bp) were detected either after electrophoresis of an aliquot (10 ml) in 1.5% agarose gels stained with ethidium bromide (10 mg ml − 1 ) or after a sandwich hybridization in a microtitration plate between a covalently linked capture probe produced by PCR and a 3% biotinylated detection probe purchased from Eurogentec. Both the capture and the detection probes designed according to a patent scheme (Remacle, 1997) are part of a detection kit in development (Lambdatech s.a., Belgium). The capture probe was produced by PCR using: (1) Table 1 ) and cloned in plasmid vector (TA cloning kit, Invitrogen) as the target; (2) a forward primer internal to the PVYF-PVYR4 amplicon and (3) the PVYR4 primer. The capture probe was denatured and immobilized on the plastic of the plate (Covalink, Nunc) using the protocol described previously (Rasmussen et al., 1991) . The single strand detection probe (5% GAATGCAAAACCAACACTTAGGCAAAT-CATGGCACA 3%) biotinylated at its 3% end was selected in a region of the PVYF-PVYR4 amplicon non complementary to the capture probe and used at 25 ng per well. Prior to the hybridization, the PVYF-PVYR4 amplicons were diluted ten times in water and denatured by 10 min at 100°C. A hybridization at 65°C for 2 h was then carried out between the capture probe, the denatured amplification product and the detection probe. The nucleic acid hybrids were detected using a streptavidine-peroxidase conjugate, revealed by the addition of (3, 3%, 5, 5% tetramethylbenzidine) and incubating the plate in the dark for 10 min at room temperature. The enzymatic reaction was stopped by addition of stopping solution (sulfuric acid). The hybridization buffer, the washing buffer and the concentration of the different reagents are those recommended by the manufacturer (Lambdatech s.a.). The optical density values were measured at 450 nm on a spectrophotometer Titertek Multiscan Plus. The results were considered as positive when their optical density values were greater or equal to two times the OD value of the negative control. The Different dilutions were carried out, from ten times to 20 000 times in sterile water and 1 ml of each dilution was used as template for the RT-PCR amplification. As shown in on Fig. 2A for tuber extracts from cv. Nicola, the specific 359 bp signal was observed for each dilution except for the sap diluted 20 000 times. For the sap diluted ten times, the signal was rather weak thus suggesting the activity of potential inhibitors of total procedure (for a 96 wells plate) can be conducted in less than 4 h.
Results
Optimization of the RT-PCR-ELOSA test
The primers PVYF and PVYR4 were used in a one step RT-PCR reaction on total RNA preparations from leaves of tobacco plants infected with the different reference strains of PVY including PVY N , PVY O and PVY C . A 359 bp band corresponding to the expected size of the sequence included between both primers was observed for the different samples examined (Fig. 1) .
In order to develop a sample preparation protocol adapted to routine applications, RT-PCR amplifications were carried out from diluted crude sap of PVY infected tubers (cv. Nicola and Bintje). the RT-PCR reaction when the sap is not diluted sufficiently. The higher intensity of the signal was observed for sap diluted 100 times. For tuber extracts from the cultivar Bintje (Fig. 2B) , similar intensities were observed for tuber sap diluted between ten times and 10 000 times. Therefore, the 100 times dilution was chosen as it represented the best compromise between the level of inhibitory components and the amount of target sequences. A sapex device currently used in certification laboratories for the sample preparation in serological assays was tested and found to give the expected results provided that the device was well decontaminated between each sample (data not shown).
The PVY amplification products were then detected in microtitration plates after sandwich hybridization between a well linked capture probe and a biotinylated specific detection probe (ELOSA tests). The sensitivity of this detection method has been determined. Different concentrations of PVYF-PVYR4 amplicons were sandwichhybridized between the capture probe and the detection probe. Each concentration was tested in triplicate. In such conditions, up to 1 ng of amplicons per well was detected (Fig. 3B) while the detection threshold of the same samples was 10 ng after electrophoresis in agarose gel stained with ethidium bromide (Fig. 3A) .
Specificity, poly6alence and detection limit of the PVY-RT-PCR-ELOSA test
In order to check both the specificity and the polyvalence of the RT-PCR-ELOSA test, crude saps from host plants infected with PVX, PVS, PVA and PVY isolates were submitted to RT-PCR-ELOSA. As observed in Fig. 4 , a high optical density value was observed for the PVY isolates thus demonstrating the polyvalence of the test between the different strains of the pathogen at the level of the primers, the capture probe and the detection probe. In contrast, for the other samples, the optical density values were close to that of the negative control.
The amount of virus detected per reaction was determined. Partially purified virus particles were added to the sap of healthy tuber and a RT-PCR- ELOSA was carried out on this artificially contaminated sap. As observed on Fig. 5 , with the cv. Nicola, the RT-PCR-ELOSA test detected up to 0.5 pg of virus per reaction. For the cv. Charlotte and Climax, the detection limit was 5 pg while for the cultivar Bintje, detection of less than 50 pg was not achieved.
Analysis on pooled sample units
The DAS-ELISA was compared with the RT-PCR-ELOSA on batches of tubers from cv. Nicola and Charlotte. New tubers were harvested from both infected and healthy plants and their saps were mixed in such a way that one infected sap was mixed with N− 1 healthy one (N ranging from 10 to 200).
Using the DAS-ELISA for both cultivars, the optical density value measured for the infected tuber examined individually was slightly higher (7), of C. quinoa leaves infected with PVS (8) and of healthy potato tubers cv Bintje (9). The channel 10 corresponds to the RT-PCR negative control. + =ELOSA positive control (purified PVYF-PVYR4 amplicon, 5 ng); − =ELOSA negative control (unrelated DNA).
tive samples were high compared to those of the negative control, thus leading to an unambiguous test interpretation (Fig. 6) . When the infected sap was 200 times diluted with healthy sap, the RT-PCR-ELOSA was not reproducible. Indeed, out of the three tests repeated, only two gave a positive signal.
Discussion
In a context of routine applications, a detection procedure must be rapid, sensitive, specific, reliable, easy-to-use and cost-effective. In the terms of a detection kit, it is thus important to integrate the different steps of the procedure in a 'global approach' taking into account the different constraints linked to high throughput analyses.
The sample units taken from the field can be tested in two different ways, regardless of the diagnostic method. The analysis can be performed on individual units (tubers or leaves) which compose the sample (individual analysis) or on batches (analysis on pooled units). According to the chosen approach, the number of tests will correspond to the number of individual units or the number of batches. As the number of sample units currently examined in certification laboratories by ELISA (individual analysis) can not be easily increased for economical reasons, a test carried out on batches could improve the statistical reliability of the analysis without increasing the number of tests. That approach requires the use of a detection method sufficiently sensitive to detect one infected unit among pooled healthy units.
Considering the great sensitivity of the RT-PCR technology, we aimed at developing a PVY RT-PCR detection kit that could be used on pooled sample units. Furthermore, in order to be applied in certification laboratories, the different steps of the procedure were optimized including (1) the sample preparation prior to the RT-PCR; (2) the amplification step by RT-PCR and; (3) the detection of the amplification products in a context of routine applications.
The main drawback linked to the use of the PCR technology concerns both its lack of robustthan that of the negative control making the test interpretation uncertain. When the infected sap was mixed with healthy sap, the optical density values were close to those of the negative control whatever the proportion would be. In contrast, using the RT-PCR-ELOSA, the infected tuber was detected even when its sap was diluted 100 times with healthy sap. Moreover, contrary to the observation with the DAS-ELISA, the optical density values measured at 450 nm for the posi- ness in terms of sample preparation and its cost. Generally, either immunocapture of virus particles (Nolasco et al., 1993; Weidemann and Maiss, 1996) or extraction of total nucleic acids Nakahara et al., 1999) precedes the (RT)-PCR amplification. These procedures have proved to be reliable but are either expensive (when an immunocapture of the virus particles is performed) or time-consuming and increase the risk of samples contamination (when a nucleic acid extraction procedure is used). The use of diluted crude sap to carry out the RT-PCR amplification as undertaken by ELISA represents a significant progress. Marinho et al. (1998) have shown that it was possible to use clarified diluted crude sap of leaves or bark tissues for the detection of the Apple Stem Grooving Virus, at least in their RT-PCR conditions. By designing primers meeting all the technical requirements of the PCR (based on computer analysis), we were able to carry out the RT-PCR reaction using diluted crude sap from dormant tubers of different potato cultivars used as the target. The decrease in template concentration due to the extract dilution has been compensated by an efficient amplification step. This simplification of the sample preparation for the RT-PCR reaction is essential to be applicable in certification laboratories involved in the detection of potato viruses, where the number of samples processed daily can be important (up to 3000 ELISA tests per day in Belgium, (JL Rolot, personal communication)). The optimization of the use of the Sapex device constitutes a further improvement of the procedure, at least when tubers are submitted to the detection test.
The use of a 'one step RT-PCR protocol' combining a mix of two enzymes offers several advantages compared to the currently used two steps protocols. Firstly, both the cDNA synthesis and the cDNA amplification are carried out in the same reaction mixture, in one step, thus avoiding the risk of samples contamination which could occur between the reverse transcription and the PCR amplification. Secondly, the protocol used in this study increases the specificity of the test as a specific primer is used for the cDNA synthesis. Thirdly, using the 'TITAN one tube system' (from Roche Diagnostic), a high temperature is used during the reverse transcription, thus reducing the risk of RNA secondary structures which could inhibit the enzymatic reaction. And finally, it has been demonstrated that a continuous RT-PCR in which RT and PCR occur in an uninterrupted reaction with a mix of two enzymes is more sensitive than a two steps protocol (Sellner and Turbett, 1998) .
Concerning the detection of the amplification products, electrophoresis in agarose gels stained with ethidium bromide is used frequently. However, this detection procedure suffers from several problems. Firstly, the technique cannot be automated. Secondly, both specific and non specific amplification products are detected, thus increasing the risk of false positive results, at least if the non specific signal has the same or approximately the same size as that of the targeted amplicon. We have thus developed a colorimetric detection test in microtiter plates using a kit in development (Lambdatech s.a.). This detection method is ten times more sensitive than detection carried out in ethidium bromide agarose gel. A PCR-microplate hybridization method for the detection of PVY RT-PCR products has already been described (Hataya et al., 1994) . In this method, the amplification products are adsorbed directly in the well of the plate and the detection is carried out using a DIG-labeled probe produced by PCR and corresponding to the complete targeted sequence. These characteristics suggest that non specific products could easily be detected. Moreover, the detection procedure needs at least 16 h to be complete. In the ELOSA test described in this study, the detection takes about 4 h. The hybridization is carried out at 65°C with a short biotinylated detection probe located in a specific region of the amplicon. A third level of discrimination against false positive results (after the cDNA synthesis and the PCR reaction) is thus ensured by the ELOSA step. Other gel-free methods have been proposed for the detection of PCR amplification products, and notably those based on the fluorogenic 5% nuclease assay (Schoen et al., 1996) . In these methods, the amplification products are detected in real time during the PCR, thus speeding up the detection procedure. Moreover, as the PCR tubes are not open between the amplification and the detection steps, carry-over contaminations are eliminated. However, such devices combining a PCR machine and a fluorometer are expensive. Furthermore, the presence of plant extract in the sample could affect the fluorescence measure, thus making necessary the use of purified nucleic acids as the template for the PCR.
By comparing DAS-ELISA and RT-PCR-ELOSA on batches of pooled tubers of different sizes where one infected sap was mixed with N− 1 healthy ones, the RT-PCR-ELOSA method was found to be more sensitive than DAS-ELISA in detecting the infected sap even when it was 100 times diluted with healthy sap. It is important to note that the infected plants used in the comparison between the DAS-ELISA and the RT-PCR-ELOSA techniques have been mechanically inoculated and belong to cultivars that are susceptible to PVY infections. Moreover, the dormant tubers have been collected at least 2 months after the inoculation. These characteristics suggest that a natural infection by aphid vectors could lead to virus concentrations in the tubers lower than those described here. It is thus important, at this stage of the work, to perform a large scale analysis in reference laboratories in order to validate the routine RT-PCR-ELOSA for high throughput analyses on infected naturally tubers.
